Amyotrophic lateral sclerosis (ALS) is a late-onset neurological disorder characterized by death of motoneurons. Mutations in Cu/Zn superoxide dismutase-1 (SOD1) cause familial ALS but the mechanisms whereby they induce disease are not fully understood. Here, we use time-lapse microscopy to monitor for the first time the effect of mutant SOD1 on fast axonal transport (FAT) of bona fide cargoes in living neurons. We analyzed FAT of mitochondria that are a known target for damage by mutant SOD1 and also of membrane-bound organelles (MBOs) using EGFP-tagged amyloid precursor protein as a marker. We studied FAT in motor neurons derived from SOD1 G93A transgenic mice that are a model of ALS and also in cortical neurons transfected with SOD1
INTRODUCTION
Transport of protein and organelle cargoes to their correct destinations is essential for cellular function. Neurons are especially dependent upon the transport process because they are polarized and contain long processes through which cargoes have to be moved. Cytoskeletal and some other proteins are transported by slow axonal transport at an overall rate of about 1 mm/day. By contrast, membrane-bound organelles (MBOs) such as vesicles that contain a variety of proteins needed for axonal and synaptic function are transported to their destination by fast axonal transport (FAT) at rates of # The Author 2007. Published by Oxford University Press. All rights reserved. For Permissions, please email: journals.permissions@oxfordjournals.org about 1mm/s (1, 2) . Mitochondria are transported by FAT, but in contrast to MBOs their transport involves prolonged pausing and frequent reversal of direction; such saltatory movement is believed to underlie the uniform distribution of mitochondria that is observed in axons (3, 4) . The importance of axonal transport for neuronal function and survival is highlighted by the fact that mutations in genes encoding molecular motors that drive axonal transport, or motor-associated proteins, cause some human neurodegenerative diseases (5, 6) .
Amyotrophic lateral sclerosis (ALS) is a neurodegenerative disorder that involves selective death of motoneurons. Some forms of ALS are familial and mutations in the antioxidant enzyme Cu/Zn superoxide dismutase-1 (SOD1) account for roughly 20% of these familial cases. Over 100 different SOD1 mutations are associated with ALS and although the mechanisms by which these mutants induce ALS are not properly understood, it is generally agreed that they have acquired one or more toxic properties (reviewed in 7) .
Several mechanisms of mutant SOD1 toxicity to motoneurons have been proposed including oxidative stress, protein aggregation, mitochondrial dysfunction, excitotoxicity and impaired axonal transport (8) . However, one of the earliest pathological features of mutant SOD1 transgenic mice is a reduction in slow axonal transport of cytoskeletal components (9, 10) , and disruption in retrograde transport of exogenously applied tetanus toxin fragments is seen in mutant SOD1 expressing motoneurons (11) . Thus, compromised transport of selected cargoes may be an important component of mutant SOD1 toxicity.
Here, we have used live time-lapse microscopy to directly quantify the effect of mutant SOD1 on FAT in motoneurons and cortical neurons. We analyzed movement of mitochondria, which are a target of mutant SOD1, and the amyloid precursor protein (APP), a type-1 membrane-spanning protein that is widely used as a marker for axonal transport of MBOs (12 -16) . We find that mutant SOD1 perturbs transport of both mitochondria and APP-containing MBOs (MBO APP ) but that the nature of this damage is different for each cargo. Thus, our studies are the first to describe the effect of mutant SOD1 on FAT of defined bona fide axonal cargoes in living neurons, and as such provide novel insights into mutant SOD1 toxicity in ALS.
RESULTS

Mutant SOD1 disrupts FAT
To dissect the effect of mutant SOD1 on FAT, we quantified the overall transport of mitochondria and MBO APP in axons of transgenic motoneurons and/or transfected rat cortical neurons from time-lapse recordings. Mitochondria were visualized either by use of MitoTracker CMXROS or by transfection of DsRed-Mito, and MBO APP by transfection of EGFP-tagged APP (APP-EGFP).
We first studied axonal transport of mitochondria in motoneurons derived from transgenic mice expressing human SOD1 G93A or wild type human SOD1 (SOD1 wt ) and nontransgenic (ntg) littermates. Overall transport of mitochondria was analyzed by calculating the distance between the position of individual mitochondria at the start and end of time-lapse recordings and dividing by the time elapsed. This yielded an overall velocity of transport for each mitochondrion that includes anterograde and retrograde movements and stationary periods. Mitochondria were subsequently classified as motile (velocity . 0.1 mm/s) or stationary (velocity 0.1 mm/s).
In ntg and SOD1 wt motoneurons 35% of mitochondria were motile, and their anterograde and retrograde transport was balanced (Fig. 1) . The number of motile mitochondria in SOD1
G93A motoneurons did not differ significantly from those in ntg or SOD1 wt neurons (Fig. 1Ba) . However, in SOD1
G93A motoneurons the number of retrograde mitochondria was increased by 80%, and concurrently the fraction of anterograde mitochondria decreased. Consequently, the balance of transport was disturbed ( Fig. 1Bb and c; retrograde . anterograde, P , 0.001, t-test).
To determine if this shift toward net retrograde movement of mitochondria was unique to SOD1 G93A , we expressed SOD1
G93A and three more ALS-linked SOD1 mutants with different biochemical and disease-associated properties (7,17) (SOD1 A4V, G37R and G85R ) in rat cortical neurons and monitored mitochondrial movement by time-lapse microscopy. To identify transfected neurons we tagged SOD1 with EGFP. All EGFP-tagged SOD1s (EGFP-SOD1) were expressed as full-length protein in neurons and were functionally indistinguishable from untagged SOD1 (Supplementary Material, Fig. S1 ).
In EGFP (control) and EGFP-SOD1 wt transfected rat cortical neurons the number of motile mitochondria was similar to that in motoneurons, but significantly more motile mitochondria moved anterogradely than retrogradely in the cortical neurons (Fig. 1C) . Axonal transport of mitochondria is known to alter developmentally and in response to metabolic demands (3, 4) . Net anterograde movement of mitochondria is thus clearly required for proper cellular function and a balanced distribution in axons of the 7-8 day rat cortical neurons utilized here. Expression of mutant SOD1s did not alter the number of motile mitochondria as compared to EGFP or EGFP-SOD1 wt transfected neurons but as was the case in SOD1 G93A motoneurons, all mutant SOD1s induced a significant increase in retrograde mitochondria and a corresponding decrease in anterograde movement (Fig. 1C) . Thus, all mutant SOD1s tested disturbed FAT of mitochondria similarly.
We next analyzed the effects of mutant SOD1 on FAT of MBOs using APP-EGFP as a marker (MBO APP ). MBO APP comprised elongated structures ranging from 1.66 to 10.47mm in length (3.55 + 1.58 mm; mean + SD) and smaller MBO APP vesicles (0.54 -1.15 mm in diameter; 0.75 + 0.10 mm). These MBO APP corresponded closely to the APP-YFP elongated tubules and vesicles that have been described previously (12, 14) .
We co-transfected rat cortical neurons with APP-EGFP and either vector expressing Escherichia coli chloramphenicol acetyltransferase (CAT) as a control, SOD1 wt , SOD1 G37R, G93A, G85R or A4V and monitored movement of MBO APP . To ensure that all APP-EGFP transfected cells studied also expressed transfected SOD1, the cells were fixed following analysis and stained for human SOD1. As a measure of overall transport, we determined the total distance MBO APP moved per minute of observation time from time-lapse recordings. The total distances traveled by MBO APP in the presence of mutant SOD1 were significantly less than in the presence of SOD1 wt or CAT control (Fig. 2Ba) . Examination of retrograde and anterograde movements separately revealed that mutant SOD1 reduced the distances traveled by MBO APP equally in both directions ( Fig. 2Bb and c) . Thus, mutant SOD1 also inhibits FAT of MBO APP but in contrast to mitochondria, mutant SOD1 damage to MBO APP movement shows no directional selectivity. In summary these data demonstrate that different ALS-linked mutant SOD1 disrupts FAT in similar fashions, but the precise nature of this disruption is cargo-specific.
Increased net retrograde transport of mitochondria correlates with decreases in the activity, velocity and persistence of anterograde mitochondrial motors Whereas mutant SOD1 inhibited total MBO APP transport, the disturbance of mitochondrial FAT displayed directional selectivity. To gain insight into the mechanism underlying this selectivity, we analyzed the activity of the molecular motors that transport mitochondria by calculating the frequency of anterograde and retrograde transport events in motoneurons. We determined the position of all mitochondria per time point of time-lapse recordings and from this positional information we calculated the number of movement events per mitochondria per minute. To define movement events we applied a velocity threshold of 0.3 mm/s between successive time points. This threshold was set to only include microtubule-based movements since the reported velocity of actin-based transport of mitochondria was well below 0.3 mm/s (18) .
In ntg and SOD1 wt motoneurons, the overall frequency of movement (anterograde and retrograde combined) was roughly five events per minute per mitochondria (Fig. 3A) . Accordingly, mitochondria moved during only 25% of the observation time and were stationary during the remaining 75% of the observation time. The overall level of activity of motoneurons, but the anterograde frequency was decreased by almost 60% while the retrograde frequency remained unchanged (Fig. 3) . As a result the retrograde transport activity had become greater than the anterograde transport activity ( Fig. 3 , P ¼ 0.036, Mann -Whitney test), thus explaining the net retrograde transport of mitochondria in SOD1
G93A
motoneurons.
To examine if SOD1 G93A also affected the properties of the molecular motors that transport mitochondria, we next determined the velocity of mitochondrial FAT, the persistence of unidirectional continuous movements, and the duration of pauses in between movements. Whereas the frequency of mitochondrial FAT is an indicator of regulation of mitochondrial transport (activation vs. inactivation), the velocity is an indicator of the ATPase activity and the persistence indicates the active period or process of the motors involved.
The average velocity of anterograde and retrograde mitochondrial transport in ntg motoneurons was 1.00 + 0.31 mm/s and 0.87 + 0.13 mm/s, respectively (Table 1) , which is higher than in N2A cells and hippocampal neurons but well within the range of reported speeds (18, 19) . These velocities did not differ significantly in SOD1 wt motoneurons but in SOD1 G93A neurons, whilst the velocity of retrograde transport was unaffected, the velocity of anterograde transport was significantly decreased (Table 1) . G93A (hatched bar) motoneurons. Transport activity was determined as the frequency of all motile events (A), and anterograde (B) and retrograde events (C) separately. SOD1
G93A induced a significant decrease in anterograde transport activity (B). Statistical significance was determined by one-way ANOVA (Kruskis-Wallis) followed by Dunn's Multiple Comparison Test (ns: not significant; Ã P , 0.05).
The persistence of mitochondrial movements in both anterograde and retrograde directions showed no significant differences between ntg and SOD1 wt motoneurons and the duration of time that mitochondria remained stationary between movements was also not significantly different in any genotype. However, in SOD1 G93A motoneurons, the persistence of movement was significantly reduced in the anterograde but not retrograde directions as compared to controls (Tables 2 and 3 ). Thus, SOD1
G93A inhibited the activity of mitochondrial anterograde motors and affected their properties but did not affect retrograde mitochondrial motors.
Mutant SOD1 causes depletion of mitochondria from the axon and increases inter-mitochondrial distance
The net increase in retrograde moving mitochondria in the presence of mutant SOD1 predicts that they will vacate axons and accumulate in cell bodies. To test this possibility further, we investigated the spatial distribution of mitochondria in SOD1 G93A and ntg motoneurons, and in cortical neurons transfected with control vector, wild type or mutant SOD1s. The neurons were fixed and the mitochondria were visualized by immuno-staining of mitochondria-specific Mn superoxide dismutase (MnSOD) or by DsRed-mito expression. We determined mitochondrial density in whole axons by counting the number of mitochondria in defined 50 mm segments and converting these counts to densities (mitochondria/mm). Mitochondria in cell bodies were too abundant to resolve and count; therefore, we quantified the intensity of the mitochondrial fluorescent signal in this compartment. In both motor neurons and transfected cortical neurons, we observed a significant decrease in mitochondria in axons and a corresponding increase in their numbers in cell bodies in presence of mutant SOD1 compared to controls (Fig. 4) .
We also analyzed if the distribution of axonal mitochondria was uniform, clustered or random and if mutant SOD1 altered this distribution in any way. In both motoneurons and transfected cortical neurons, the distribution of mitochondria was uniform irrespective of the presence or absence of mutant SOD1 (Supplementary Material, Table S1 ). However, due to the reduced numbers of axonal mitochondria the intermitochondrial distance was significantly increased by 30 -50% in the presence of mutant SOD1 (Table 4) . Thus, the net increase in retrograde transport of mitochondria induced by mutant SOD1 leads to their accumulation in cell bodies and diminution in axons but a uniform axonal mitochondria spacing is preserved albeit with increased intermitochondrial distance.
SOD1
G93A -induced disruption of FAT correlates with mitochondrial damage Mutant SOD1 associates with and damages mitochondria, and mitochondrial alterations are found well before initial disease symptoms in mutant SOD1 transgenic mice (20 -24) . To assess if the mitochondria in the SOD1 G93A motoneurons studied here displayed evidence of damage, we quantified the mean CMXROS fluorescence of individual mitochondria in the motoneurons used for analysis of FAT, and also their morphology. CMXROS accumulates in mitochondria based on their negative inner membrane potential that is generated by mitochondrial electron transport activity (25) . Hence CMXROS fluorescence correlates with mitochondrial function. Although no differences were detected between ntg and SOD1 wt motoneurons, SOD1 G93A reduced CMXROS fluorescence by 20% (Table 5) . Likewise, morphometric analysis revealed that mitochondria in SOD1 G93A motoneurons had a lower aspect ratio as compared to both ntg and SOD1 wt neurons (Table 5 ). Such rounding up has been shown to accompany mitochondrial damage (26) . Thus, the alterations to FAT of mitochondria induced by mutant SOD1 correlate with markers for mitochondrial damage.
DISCUSSION
How mutant SOD1 induces selective motoneuron death in ALS is not properly understood. Nevertheless, two prominent features of mutant SOD1 toxicity are damage to slow axonal transport and mitochondria. Disruption to slow axonal transport of the cytoskeleton is one of the earliest pathological events in mutant SOD1 mice (9, 10) , and mutant SOD1 selectively associates with and damages mitochondria (20 -24) . Here we have used time-lapse microscopy to quantify for the first time the effects of mutant SOD1 on FAT of bona fide axonal cargoes in living neurons. We analyzed movement of mitochondria and APP; APP has been used previously as a marker for FAT of MBOs (12 -16) . We demonstrate that mutant SOD1 perturbs FAT of both cargoes but that the precise nature of this damage is different for each cargo. Whereas mutant SOD1 inhibited anterograde but not retrograde mitochondrial transport, both anterograde and retrograde transport of MBO APP were reduced to a similar extent. The mechanisms underlying the differential effect of mutant SOD1 on FAT of mitochondria and MBO APP are not clear. Both mitochondria and MBOs are transported along microtubules by kinesin and dynein molecular motors but the precise mechanisms that regulate these motors and the details of their attachment to cargoes are still poorly understood. Recently, Milton (also known as GRIF-1/OIP106/TRAK1/2) and Miro have been identified as adaptor proteins that connect mitochondria to kinesin heavy chains but how they might be involved in the regulation of transport is unclear (27, 28) . Several groups have demonstrated that p38 stress-activated kinase is activated in mutant SOD1 transgenic mice (29 -33) and p38 (and other members of the stress-activated protein kinase family) has been implicated in the regulation of FAT (34, 35) . Finally, mutant SOD1 has been shown to associate with components of the dynein complex responsible for retrograde axonal transport although whether this influences dynein function is again not known (36) . Whatever the precise mechanisms are, our detailed analyses of mitochondrial FAT clearly identify that the mitochondrial anterograde transport machinery is a specific target of mutant SOD1, and that mutant SOD1 disturbs FAT by targeting regulatory pathways as well as by damaging the motors involved. G93A transgenic motoneurons (scale bar ¼ 10 mm). To evaluate the number of mitochondria in the cell body, the mean fluorescence intensity of MnSOD staining or DsRed1-mito was determined. Mitochondrial density in axons was determined by counting the numbers of mitochondria in 50 mm segments commencing at the axon hillock, and converting these to mitochondrial density (mitochondria/mm). Mutant SOD1 induced a significant increase in mitochondria in cell bodies of both motoneurons (Ba) and rat cortical neurons (Ca) and a corresponding decrease in axonal mitochondria in both cell types (Bb, Cb). Statistical significance was determined by t-test (motoneurons) or one-way ANOVA followed by NewmanKeuls Multiple Comparison Test (cortical neurons) ( Ã P , 0.05, ÃÃ P , 0.01 and ÃÃÃ P , 0.001). The inter-mitochondrial distance was calculated as the distance between the centers of adjacent axonal mitochondria. ALS mutant SOD1 caused a significant increase in inter-mitochondrial distance in both transgenic motoneurons and transfected cortical neurons. Statistical significance was determined by unpaired t-test or one-way ANOVA followed by Newman -Keuls Multiple Comparison Test (ns: not significant; P-values are indicated; SD: standard deviation). Mitochondrial function was determined by measurement of CMXROS uptake (A) and aspect ratio of mitochondria (B). SOD1 G93A significantly reduced both CMXROS uptake and aspect ratio, indicating reduced mitochondrial function in SOD1 G93A motoneurons. Statistical significance was determined by one-way ANOVA (Kruskal -Wallis) followed by Dunn's Multiple Comparison Test (ns: not significant; P-values are indicated; SD: standard deviation).
Interestingly, damaging mitochondria with the electron transport inhibitor antimycin also causes an increase in their retrograde movements (3) . Mutant SOD1 associates with and damages mitochondria (20 -24) and we demonstrate that mitochondria in the SOD1
G93A motoneurons studied here also show evidence of damage; their membrane potential is reduced and they round up. Thus, the known association of mutant SOD1 with mitochondria and the damage that this induces might act similarly to antimycin to somehow inhibit anterograde transport of mitochondria.
The altered transport of mitochondria led to their redistribution in neurons with fewer mitochondria in axons and more in cell bodies. Accumulation of mitochondria in cell bodies and proximal axons is a reported feature in SOD1
G93A transgenic mice and in ALS patients (37, 38) . The subcellular distribution of mitochondria is an important component of their function; they localize in neurons to regions of high energy demand such as cell bodies (where most protein synthesis occurs) and nodes of Ranvier (4) . Interestingly, despite the diminution of axonal mitochondria in mutant SOD1 expressing neurons, their uniform spacing was preserved. This suggests that the mechanisms that regulate the spatial distribution of axonal mitochondria are independent of the mechanisms that regulate their delivery to the axonal compartment and that mutant SOD1 affects the latter but not the former. Nonetheless, as a consequence of this redistribution, in mutant SOD1 neurons one mitochondrion serves an axonal segment of almost twice the size of that in control cells. In addition to mitochondrial dysfunction, this is likely to enhance axonal stress by further limitation of the local availability of mitochondrial metabolites and ATP, and by reducing Ca þþ buffering capacity. Indeed, motor neurons have particularly low Ca þþ buffering capacity (39) . Such a thinning of mitochondria may also reduce ATP supply to kinesin and dynein motors in axons and this may contribute to the non-directional reduction of MBO APP transport observed here. Mitochondrial movement would be exempted since they carry their own energy supply.
Further investigations are necessary to unravel the molecular events leading to disturbed FAT in ALS. However, our data clearly reveal the anterograde mitochondrial transport machinery is a specific target of mutant SOD1 toxicity and that altered FAT involving damage to mitochondria is one of the earliest pathological events associated with mutant SOD1. As such, correcting FAT defects represent a promising therapeutic target.
MATERIALS AND METHODS
Plasmids
ALS mutant human SOD1 were generated using a Chameleon mutagenesis kit (Stratagene, Amsterdam, The Netherlands), and cloned into pCIneo (Promega, Southhampton, UK) or pEGFP-C2 (Clontech, Basingstoke, UK) to create N-terminal EGFP-tagged versions. Human APP (isoform 695) was created by cloning into plasmid pEGFP-N1 (Clontech) following mutation of the stop codon. Vector pDsRed-mito was from Clontech.
Cell culture and transfections
SOD1
wt [B6SJL-TgN(SOD1)2Gur] and SOD1 G93A [B6SJL-TgN (SOD1-G93A)1Gur] transgenic mice were obtained from the Jackson Laboratory (Bar Harbor, ME) and were back-crossed to C57BL/6 for .20 generations. Genotyping of embryos was performed according to the protocol provided by the Jackson Laboratory. Primary motoneurons were cultured from E13.5 SOD1 G93A or SOD1 wt mouse embryos and their ntg littermates as described previously (11) , and were plated on poly-D-ornithine (1.5 mg/ml; Sigma, Poole, UK) and laminin (3 mg/ml; Sigma) coated coverslips at 40 000 cells per coverslip in Neurobasal medium supplemented with 1% B27, 2% horse serum, 50 mg/ ml streptomycin, 50 U/ml penicillin, 0.5 mM L-glutamine, 25 mM glutamic acid (all from Invitrogen, Paisley, UK), 25 mM 2-mercaptoethanol (Sigma), 10 ng/ml CNTF, and 100 pg/ml GDNF (both from R&D Systems, Abingdon, UK). Motoneuron mitochondria were stained for 3 min at 378C with 66 nM MitoTracker CMXROS (Invitrogen) in fresh culture medium.
Rat cortical neurons were obtained from E18 Wistar rat embryos (Charles River Laboratories, Wilmington, MA) as previously described (40) .
For analysis of mitochondrial FAT, rat cortical neurons were co-transfected at DIV5 with 3 mg pDsRed-mito to label mitochondria and 7 mg EGFP, or EGFP-SOD1 using calcium phosphate precipitation as described (40) . For analysis of MBO APP FAT, neurons were transfected using Lipofectamine 2000 (Invitrogen). All cortical neurons were used for experiments 36-48 h after transfection.
Immunofluorescence
Motoneurons were fixed for 20 min in 3.7% formaldehyde in phosphate buffered saline (PBS). Following washing and quenching in 50 mM NH 4 Cl in PBS for 15 min, the cells were permeabilized in 0.2% Triton X-100 in PBS for 10 min. After blocking for 1 h in 4% fetal calf serum (FCS; Invitrogen) in PBS (FCS/PBS), the cells were incubated for 1 h with rabbit anti-MnSOD (Stressgen, Ann Arbor, MI; 1 : 100 in FCS/PBS) followed by 1 h incubation with Alexa 568 goat anti-rabbit IgG (Invitrogen, 1: 1000 in FCS/PBS). Between each step the cells were washed three times in 0.2% Tween20 in PBS.
Microscopy
Live microscopy of mitochondria was performed with an Axiovert 200 microscope (Carl Zeiss Ltd., Welwyn Garden City, UK) equipped with a Polychrome IV monochromator (Till Photonics, Gräfelfing, Germany), EGFP/DsRed filterset (Chroma Technology Corp., Rockingham, VT), 40Â EC PlanNeofluar w N.A. 1.3 objective (Zeiss), Lambda 10-2 filter wheel (Sutter Instrument Company, Novato, CA), and Hamamatsu C4880-80 CCD (Hamamatsu Photonics, Welwyn Garden City, UK). The cells were maintained at 378C in a custom closed observation chamber using an objective heater (IntraCell, Royston, UK) and mitochondrial movements were recorded for 10 -20 min with 3 s time-lapse interval using Openlab software (Improvision, Coventry, UK). APP-EGFP transport was observed using a Zeiss Axiovert S100 microscope and 100Â Plan-Neofluar w N.A. 1.3 objective (Zeiss). Cells were maintained at 378C under a 5% CO 2 atmosphere using an Open Perfusion Micro-Incubator (Medical Systems Corporation, Greenville, NY). MBO APP movements were recorded for 10 min with 5 s time-lapse interval using a Micromax CCD camera (Princeton Instruments, Lurgan, UK) and Metamorph (Molecular Devices Ltd., Wokingham, UK).
For the analysis of mitochondrial distribution, fixed motoneurons were imaged using a 25Â LCI Plan-Neofluar w objective (Zeiss) on the Axiovert 200 setup described above.
Image analysis
Image analysis was performed with ImageJ developed by Wayne Rasband (NIH, Bethesda, USA; http://rsb.info.nih. gov/ij/) extended with custom plug-ins (41), or Metamorph. Further calculations and statistical analysis were performed using Excel (Microsoft Corporation, Redmond, WA), and Prism software (GraphPad Software Inc., San Diego, CA).
A custom ImageJ plug-in (available from KJDV) was used to track mitochondria through the time-lapse recordings. Calculations of mitochondrial transport parameters were as described before (19, 42) except overall transport of mitochondria was analyzed by calculating the distance between the position of individual mitochondria at the start and end of time-lapse recordings and dividing by the time elapsed. This yielded an overall velocity of transport for all mitochondria that includes anterograde and retrograde movements and stationary periods. Mitochondria were subsequently classified as motile (velocity . 0.1 mm/s) or stationary (velocity 0.1 mm/s). APP-EGFP transport was tracked using MetaMorph. Moving MBO APP were defined as those that exhibited movement !0.3 mm in 5 s; pauses in moving structures were thus defined as any movement ,0.3 mm in 5 s.
Analysis of mitochondrial distribution and function
The spatial distribution of mitochondria within axons was evaluated as described (3) . To analyze mitochondrial density, axons were divided in 50 mm segments; the number of mitochondria was counted in each segment, and converted to densities (mitochondria/mm). The inter-mitochondrial distance was determined by computing the distance between the centroids of adjacent mitochondria. The mean CMXROS fluorescence and aspect ratio of mitochondria was measured by determining the mean fluorescence and bounding ellipse for each mitochondrion using the particle analysis function of ImageJ. Aspect ratio was determined by dividing the major and minor axis of the bounding ellipse (26) . Mean CMXROS fluorescence was normalized by dividing each value by the average value of all mitochondria of all cells (irrespective of genotype) measured.
Statistics
All data shown comes from at least six cells measured in at least three independent experiments. Statistical methods are detailed in the text.
